ABSTRACT. Mangrove ecosystems are highly productive and play an important role in tropical and global coastal carbon (C) budgets. However, sedimentary organic carbon (SOC) storage and turnover in mangrove forests are still poorly understood. Based on C isotopic measurements of sediment cores of 2 mangrove stands in southern China, SOC density was 431.77 Mg ha -1 at site 1 (a Aegiceras corniculatum-dominated high tidal stand) and 243.65 Mg ha -1 in site 2 (a Bruguiera gymnorrhiza + Kandelia candel-dominated middle tidal stand). SOC  13 C values at both mangrove sites ranged from -29.4‰ to -26.0‰. SOC  13 C was enriched with depth at 20-50 cm at site 1, which possibly resulted from preferential microbial decomposition. SOC  13 C at site 2 experienced frequent tidal flushing, and presented relatively stable values with depth. A bomb-14 C-based SOC turnover model indicated that turnover times of SOC at 20-50 cm at site 1 were 4.44-26.04 yr. Modern C input from abundant roots might account for the very short SOC turnover times at these subsurface layers. As a result, our study suggested that tidal processes had a great influence on SOC storage and turnover in mangrove forests.
INTRODUCTION
Wetlands represent perhaps the largest sinks of carbon (C) in terrestrial soils (Chmura et al. 2003; Choi and Wang 2004) . Located at the intertidal zone, mangrove wetlands have the characteristics of high productivity and low ratio of decomposition to net primary production (Jennerjahn and Ittekkot 2002; Gonneea et al. 2004) . Mangrove ecosystems, therefore, are regarded as efficient C sinks for atmospheric CO 2 (Choi and Wang 2004; Gonneea et al. 2004; Bouillon et al. 2008; Tamooh et al. 2008) . Although understanding sedimentary organic carbon (SOC) dynamics in mangrove ecosystems will help us to better constrain global oceanic-C budgets (Bouillon et al. 2003 Kristensen et al. 2008) , mangrove ecosystems have been ignored in most global C budgets. Chmura et al. (2003) estimated that the top 50 cm of global mangrove forest soils contains as much as 5 Pg C. SOC storage and dynamics in mangrove ecosystems therefore deserve our attention.
C isotopes are widely used to reconstruct ecological process and to trace ecological activity (Bouillon and Bottcher 2006; West et al. 2006) , and the use of C isotopes has greatly improved our understanding of the C cycle in underground ecosystems (Staddon 2004) .  13 C combined with other indicators has been used to determine the sources (mangrove-derived, oceanic, or terrestrial) of organic C in mangrove wetlands (Bouillon et al. 2003; Gonneea et al. 2004) .  13 C is also useful in the study of SOC decomposition in different soil layers. However, there are few reports on the variations of SOC content and  13 C with depth in mangrove ecosystems (Zhang et al. 2012 ), although such studies are common in terrestrial soils (Balesdent et al. 1993; Boutton 1996; Ehleringer et al. 2000; Wynn et al. 2006 ). 14 C serves as a powerful tool to study the C cycle. Based on bomb 14 C, produced by atmospheric thermonuclear weapons testing, many studies have modeled the turnover rates of C over decadal timescales in terrestrial ecosystems (Cherkinsky and Brovkin 1993; Townsend et al. 1995; Trumbore 1996; Chen et al. 2002; Telles et al. 2003) . Using the bomb-14 C-based turnover model (Harkness et al. 1986 ), Choi and Wang (2004) have found that turnover times of SOC in soil layers at 0-10 cm were 16-31, 18-57, and 10-38 yr in low, middle, and high tidal flats, respectively. Modeling SOC turnover in coastal wetlands, and especially in mangrove forests, has been carried out in some previous studies (Woodroffe 1992; Matsui 1998; Tam and Wong 1998; Middleton and McKee 2001; Jennerjahn and Ittekkot 2002; Gonneea et al. 2004; Khan et al. 2007; Zhang et al. 2007) .
In this study, we estimated SOC storage and modeled SOC turnover in mangrove forests in southern China based on analyses of C and its isotopes. The specific objectives were to determine (1) SOC storage of high and middle tidal mangrove stands, (2) the variations of SOC  13 C with depth at the 2 sites, and (3) SOC turnover rates in mangrove forests.
MATERIALS AND METHODS

Sites
The 2 study sites were located on the west coast of the Leizhou Peninsula, about 70 km northwest of Zhanjiang City, and are part of the Zhanjiang Mangrove National Nature Reserve, the largest mangrove reserve in China. Sediment cores were excavated in rarely disturbed natural mangrove forests (Figure 1 ), which had an area of approximately 270 ha and are more than 80 yr old. Site 1 was located at the high tidal flat and was dominated by a pioneer Aegiceras corniculatum community. Site 2 was located at the middle tidal flat and was dominated by a middle-to-late-stage Bruguiera gymnorrhiza and Kandelia candel community.
In 2005, we established three 10 × 10 m quadrants around each site for the study of community structure. Plant height and diameter at breast height (DBH) of each individual were recorded. Three 20-cm sediment cores were taken from each of the 10 × 10 m quadrats randomly to form a mixed sample. Salinity and pH were measured using an optical refractometer and a pH meter, respectively. Samples were oven-dried at 90 C for 24 hr to remove water. Analysis of total N and total P followed Figure 1 Locations of sediment cores at the 2 sites in mangrove forests, southern China: 1: Aegiceras corniculatum site; 2: Bruguiera gymnorrhiza + Kandelia candel site. Arnold (1986) and Robert et al. (1997) . Usually, Eh of the waterlogged mangrove sediment was less than or equal to 100 mV (McKee 1993) . Table 1 summarizes the plant height and DBH, and properties of the top 20 cm of sediment at the 2 sites.
For both sites, the mean annual temperature is 22.9 C, and the average temperature in the coldest month (January) is 15.5 C. The annual average precipitation is 1711 mm, with the rainfall typically occurring from April to October. The average annual relative humidity is 80%. The tidal regime is diurnal, and the average tidal amplitude is 2.52 m, with a maximum of 6.25 m (He et al. 2007 ).
Sediment Sampling
During the ebb tide in June 2006, 1 sediment core (11 cm in diameter and 50 cm in length) was excavated from each site. Visible characteristics of the sediment are provided in Table 2 . The cores were divided into segments based on depth and the characteristics of sediment and roots. The sampling interval was 2 cm for the surface 20 cm depth, and 5 cm for the 20-50 cm depth. These sediment segments were transported to the Carbon Isotope Laboratory of the Guangzhou Institute of Geochemistry, where they were frozen at -26 C for later analyses.
Carbon Isotope Analyses
The frozen sediment segments were thawed to room temperature. After visible roots and fragmentary stones were removed, a 20-to 35-g subsample of each segment was freeze-dried under vacuum for 48 hr, ground using a mortar and pestle, and then passed through a 1-mm screen to remove rootlets and coarse sand. The subsamples were acid-treated using 2M HCl to remove carbonate and then rinsed repeatedly with distilled water until a neutral pH was reached. Water was removed by ovendrying at 90 C for 24 hr.
The subsamples for  C and 14 C analysis were then loaded into sealed, evacuated quartz tubes and combusted with CuO at 860 C for 2 hr. The CO 2 generated was cryogenically purified with dry ice Table 1 Plant height, DBH, and properties of the top 20 cm sediment at 2 mangrove sites in southern China. Site 1 was located at the high tidal flat and was dominated by a pioneer Aegiceras corniculatum community. Site 2 was located at the middle tidal flat and was dominated by a middle-to-late-stage Bruguiera gymnorrhiza and Kandelia candel community. Table 2 Visible characteristics of sediment cores at 2 mangrove sites, southern China. Site 1 was located at the high tidal flat and was dominated by a pioneer Aegiceras corniculatum community. Site 2 was located at the middle tidal flat and was dominated by a middle-to-late-stage Bruguiera gymnorrhiza and Kandelia candel community.
Site
Site Depth (cm) Characteristics 1 0-20 Black sludge with high organic matter content, mixed with some red solid, granular structure, very loose, abundant plant debris and roots, full of crustacean and molluscan macrofauna 20-50 Grayish black, half sludge, large roots (root amount decreasing with depth), less plant debris 2 0-25 Black, sludge, loose, abundant plant roots and macrofauna, occasionally brown solid 25-50 Grayish black, half sludge, large roots and liquid nitrogen. SOC content was calculated from the quantity of CO 2 generated from the subsamples. SOC density was calculated by multiplying SOC content by the bulk density and thickness of sediment layer. According to Ren et al. (2008) , the average bulk density used for the calculation of SOC density could be 2.6 × 10 3 kg m -3 .
Stable carbon isotope ratios in a portion of the generated CO 2 were determined using a Finnigan MAT-251 mass spectrometer with a precision of 0.2% at the State Key Laboratory of Loess and Quaternary Geology, CAS. Results were expressed as  13 C, in per mil deviations from the International Pee Dee belemnite (PDB) standard:  13 C = [( 13 C/ 12 C) sample / ( 13 C/ 12 C) standard -1] × 1000. The other portion of the generated CO 2 was catalytically reduced to graphite accelerator mass spectrometry (AMS) targets using the method of Vogel et al. (1987) . The 14 C/ 12 C ratios were determined in the generated graphite using AMS at the Institute of Heavy Ion Physics of Peking University. 14 C data were all corrected for isotopic fractionation of 13 C of -25‰. Results were reported as  14 C, in parts per thousand of the 14 C/ 12 C ratio from that of an absolute standard (oxalic acid decay-corrected to 1950) (Stuiver and Polach 1977) :  14 C = [( 14 C/ 12 C) sample / ( 14 C/ 12 C) standard -1] × 1000.
Bomb-14 C-Based SOC Turnover Model
For the samples with  14 C greater than zero, bomb 14 C can be used to trace short-term SOC turnover at decade scales (Cherkinsky and Brovkin 1993; Chen et al. 2002) . The equations used to calculate the turnover rates are (1) ( 2) where I (1955) is the SOC 14 C activity in 1955, I (t) is the SOC 14 C activity in the year of sampling (t > 1955), I (t -1) is the SOC 14 C radioactivity in year (t -1), I 0 (t) is the 14 C activity in the atmosphere in year t, I 0 is the 14 C activity of oxalic acid II,  is the 14 C decay constant (1/8267 yr -1 ), and m is the SOC turnover rate (yr -1 ).
Equation 1 describes the SOC 14 C activity of a stable and closed section. Equation 2 is a mathematical expression for the dynamics of 14 C activity of SOC that is exchanging carbon with atmospheric CO 2 . The SOC 14 C activity in year t is determined by that in year (t -1), the 14 C loss attributable to natural decay of 14 C and SOC decomposition, and the incorporation of 14 C from atmosphere in year t through formation of new organic matter. 
RESULTS
The A. corniculatum-Dominated High Tidal Stand (Site 1) SOC content at site 1 increased from 5.4% at 0-2 cm to 6.4% at 6-8 cm, and then generally decreased with the increment of depth at 8-50 cm. The lowest SOC content was 1.3% at 40-50 cm (Figure 2a) . The calculated SOC density to a depth of 50 cm at site 1 was 431.77 Mg ha -1 . SOC  13 C values were relatively constant in the upper 20-cm layer, then became gradually less negative with
increasing depth at 20-50 cm. SOC  13 C values throughout the sediment core ranged from -29.4‰ to -26.6‰ (Figure 2b ).
The curve describing the vertical distribution of SOC  14 C values could be divided into 3 sections. The first section covered the uppermost 10-cm sediment layer, with  14 C values gradually increasing from 0.1‰ at 0-2 cm to 13.8‰ at 8-10 cm. The second section was represented by the 10-20 cm sediment layer, with  14 C values varying between -58.1‰ and -36.0‰. The third section dominated the sediment at the 20-50 cm layer, presenting gradually increasing  14 C values with depth with 75.8‰ at 20-25 cm and 145.2‰ at 40-50 cm (Figure 2c) . Reasonable values of SOC turnover rates for samples with  14 C greater than zero were shown in Table 3 . Turnover rates ranged from 0.04 to 0.23 yr -1 at the 20-50 cm sediment layers.
The B. gymnorrhiza + K. candel-Dominated Middle Tidal Stand (Site 2)
SOC content at site 2 was stable more or less throughout 0-50 cm, and covered 1.67-2.24% (Figure 3a) . SOC density to a depth of 50 cm at site 2 was 243.65 Mg ha -1 . At site 2, SOC  13 C values remained almost stable at 0-50 cm, although they fluctuated slightly in the top 20 cm. The mean SOC  13 C value for 0-50 cm was -26.4‰ (Figure 3b ). SOC  14 C values in all the sediment layers at site 2 were greater than zero, and gradually exhibited enrichment with depth from 19.5‰ at the surface 0-2 cm to 182.1‰ at the bottom 40-50 cm, with the exception of -17.5‰ at the 4-6 cm level and -13.4‰ at 6-8 cm, respectively (Figure 3c ). Depth (cm) 
DISCUSSION
Comparison of SOC Storage of High and Middle Tidal Mangrove Stands
There was a large difference in SOC storage between site 1 (high) and site 2 (middle) tidal mangrove stands. SOC density at site 2 (located at the middle tidal flat, 243.65 Mg ha -1 ) was only 55.28% of that at site 1 (located at the high tidal flat, 431.77 Mg ha -1 ). This difference was largely due to differences in SOC contents in the top 20 cm of sediment layers (see Figures 2a, 3a) , with mean SOC contents of 5.31% and 2.02% at site 1 and site 2, respectively. The variability of the surface SOC contents probably resulted from tidal flushing effects.
SOC density in mangrove forests varies greatly at different sites. SOC densities at 0-100 cm depth were estimated to be 57.3 Mg ha -1 in Japan, 288.65 Mg ha -1 in Hong Kong, and 592 Mg ha -1 in Australia (Matsui 1998; Khan et al. 2007; Zhang et al. 2007 ). Factors such as mangrove species composition, tree density, root biomass, and sedimentary environments all may affect SOC density.
Vertical Patterns of SOC d 13 C of High and Middle Tidal Mangrove Stands
The variations of SOC  13 C values as a function of depth differed greatly between the 2 sites in that SOC  13 C values was relatively stable with depth at the middle tidal site but gradually presented enrichment with depth at the high tidal site (see Figure 2b, 3b) . At the middle tidal site, frequent tidal actions played the role of averaging out the mangrove-derived organic matter over a wide area and mixing them with the ocean-derived organic matter.
SOC  13 C at the surface 20 cm of the high tidal stand was relatively constant, reflecting the high productivity and rapid deposition of organic matter of mangrove forests (Woodroffe 1992; Jennerjahn and Ittekkot 2002; Gonneea et al. 2004) . At the high tidal site, SOC  13 C was enriched at 20-50 cm. This result agreed with those obtained in terrestrial forest ecosystems. In fact, the A. corniculatumdominated high tidal stand (site 1) in this study lay beyond the regular reach of the tides, where they represented an environment not greatly different from that of a terrestrial forest (Hogarth 2007) . Numerous studies have indicated that, with the exception of soils in peatlands, SOC  13 C tended to become enriched with soil depth (Balesdent et al. 1993; Boutton 1996; Ehleringer et al. 2000; Wynn et al. 2006) . Several factors might explain this enrichment.
First, the relatively recent burning of large quantities of fossil fuels could have resulted in reduced  13 C values near the surface, such that the  13 C values deeper in the soil seem enriched in comparison. The burning of fossil fuels since the start of the Industrial Revolution has released large quantities of CO 2 with low  13 C values (approximately -27‰) into the atmosphere, and the  13 C of atmospheric CO 2 has been depleted by up to 1.3‰ during the past 200 yr. This CO 2 with low  13 C values has been fixed by plants and added to the SOC as the plants died. Because this plant-derived SOC has been added relatively recently to the soil, it will be most abundant near the surface. It follows that the  13 C value of the younger SOC near the surface will be more negative that of the older SOC in the deeper soil layers. Thus, the "enrichment" of SOC  13 C with depth will be expected. However, SOC  14 C values at 20-50 cm were more than zero (see Figure 2c ), indicating that SOC in these layers was formed only very recently, i.e. after the testing of atmospheric thermonuclear weapons and much later than the onset of the Industrial Revolution.
Second, roots generally have  13 C values 1-3‰ higher than leaves (Vonfischer and Tieszen 1995) . However, the surface litter decays rapidly and little is preserved into the deep layers, and most subsurface SOC is derived from roots in mangrove forests (Middleton and McKee 2001; Gleason and Ewel 2002; Jennerjahn and Ittekkot 2002) . Therefore, it seems unlikely that the enrichment at the subsurface layers in this study was due to the  13 C difference between roots and leaves.
Third, many studies have indicated that fractionation by microorganisms results in SOC  13 C enrichment with depth (Agren et al. 1996; Schweizer et al. 1999; Santruckova et al. 2000; Powers and Schlesinger 2002) . Microorganisms preferentially metabolize molecules containing the lighter 12 C, so that the remaining SOC tends to be 13 C enriched. Probably the enrichment in this study was attributable to this microbial fractionation.
SOC Turnover of High Tidal Mangrove Stand (Site 1)
In general, a bomb-14 C-based SOC turnover model was restricted to application in terrestrial ecosystems. Since the A. corniculatum-dominated high tidal stand in this study was only flooded occasionally, and the vertical distribution patterns of SOC content and  13 C at the site did not differ greatly from those in terrestrial forests, we took sedimentary and pedogenic environment of the high tidal stand was aerobic and similar to terrestrial environment, so the model was tried for estimating SOC turnover rates at the high tidal mangrove site.
SOC  14 C values at all the sediment layers of the high tidal stand, with the exception of 10-20 cm, were greater than zero, indicating that SOC in these sections consisted of modern carbon polluted by atmospheric thermonuclear weapons testing. The bomb-14 C-based SOC turnover model indicated that SOC turnover times at the subsurface layers ranged from several years to decades (see Table 3 ).
There was bomb 14 C found as deep as 50 cm in this study. Previous studies have found that modern C is usually restricted to the top 25-cm soil layers (Bol et al. 1999; Wang et al. 2005) . It is possible that modern C detected in this study was mainly derived from mangrove roots. Root biomass can account for half of the total biomass in mangrove forests (Briggs 1977) , and fine-root biomass might account for 66% of the total root biomass (Komiyama et al. 1987) . Mangrove roots, including pneumatophore and buttress-like roots, penetrated deep into the sediment and were the main input of the deep SOC (Fujimoto et al. 1999; Gleason and Ewel 2002) . This hypothesis agrees with the root distribution in this study (see Table 2 ).
SOC turnover times at 20-50 cm of the A. corniculatum-dominated high tidal stand were 4.44-26.04 yr. In general, SOC turnover is much slower deeper in the sediment than near the surface. However, Fontaine et al. (2007) found that a fresh supply of organic C could provide an energy source for microorganisms at the subsurface layers. A fresh supply of organic C could, therefore, increase the rate of SOC turnover at the subsurface layers. In this study, we suspect that dead mangrove roots provided a fresh supply of organic C and shortened the SOC turnover time in these deeper sediment layers. SOC turnover times were years to decades in the subsurface sediment layers in the high tidal mangrove stand, which was largely different from conventional viewpoints that SOC turnover in mangrove forests is very slow irrespective of tidal location or local variability.
As for SOC of the middle tidal stand (site 2), the bomb-14 C turnover model could not be applied to the waterlogged sediment because the middle tidal flat was regularly flooded, and turnover there was primarily constrained by a lack of oxygen. We also suspect that the fresh supply of organic C by the dead mangrove roots result in increased  14 C values in the 20-50 cm layer of the middle tidal stand (Figure 2c ).
CONCLUSIONS
The results of this paper, which are based on measurement of 14 C and 13 C isotopes in sediment cores, indicate that SOC storage and turnover were greatly constrained by tidal processes. SOC density was 431.77 Mg ha -1 for the high tidal stand and 243.65 Mg ha -1 for the middle tidal stand since the latter, but not the former forest experienced frequent tidal flushing of the surface sediment. SOC was  13 C enriched with depth at the subsurface sediment layers of the high tidal stand, possibly due to preferential microbial decomposition.
A bomb-14 C-based turnover model was used to estimate SOC turnover times of the high tidal stand since the sedimentation environment there was similar to terrestrial soils and was suitable for the model. Turnover times were 4.44-26.04 yr for the subsurface SOC of the high tidal stand. Mangrove roots probably accounted for the shorter turnover times at the subsurface sediment layers. Tidal locations should be considered in the future study of SOC turnover. Also, further quantification of root dynamics and samplings of sediment cores are also required to increase our understanding of C turnover in the belowground mangrove ecosystem.
